We studied nectar-feeding behavior of 3 pteropodid bats under natural conditions. Cynopterus sphinx and Pteropus giganteus visited Ceiba pentandra trees throughout the night, whereas Rousettus leschenaulti visited only during early evening. Peak visits occurred at 2300 h for C. sphinx and 2000-2100 h for P. giganteus, coinciding with maximum nectar production and sugar concentration of floral resources. C. sphinx foraged at 6-10 m, R. leschenaulti at 10-18 m and P. giganteus at 15-20 m heights in the trees. Chemiluminescent-tagged C. sphinx foraged on nectar mostly in single trees until midnight and switched to 2-4 nearby trees later. We observed coats of pollen of C. pentandra on the abdomens, wings, and heads in 40% of C. sphinx captured in mist nets. Pollen loads on the abdomen were greater on males than on females. Our observations on R. leschenaulti and P. giganteus also showed adherence of pollen grains on their bodies. Presence of pollen grains on the bodies of these bats strongly suggests that they pollinate C. pentandra.
Bat-flower interactions appear to be an important factor in the reproductive phenology and population structure of plants (Fleming 1993; Fleming and Sosa 1994; Heithaus et al. 1975) , especially in tropical regions (Wilson 1973) . Bats are effective pollinators of many kinds of tropical plants (Crome and Irvine 1986; Cunningham 1996; Helversen 1993; Kress 1985; Law and Lean 1999; Liu et al. 2002; Sazima and Sazima 1978) . In the Old World tropics, pteropodid bats visit at least 141 species of plants for nectar or pollen, including many economically important species such as Ceiba pentandra, Durio zibethinus, and Eucalyptus (Fujita and Tuttle 1991) .
Fourteen species of pteropodid bats occur in India (Bates and Harrison 1997) . Three sympatric species are very common, the Indian flying fox (Pteropus giganteus, body mass about 900 g), the fulvous fruit bat (Rousettus leschenaulti, body mass about 90 g), and the short-nosed fruit bat (Cynopterus sphinx, body mass about 45 g). A recent report on C. sphinx reveals that it feeds on nectar from the flowers of Musa paradisiaca and Bassia latifolia (Elangovan et al. 2000) . In feeding on M. paradisiaca, bats take nectar from inflorescences containing sterile flowers, whereas on B. latifolia, they detach the entire, tiny (240 mg) flowers and drop them in flight after consuming the nectar (Elangovan et al. 2000) . Removal of entire flowers suggests destructive foraging, and the sterility of the cultivated variety of M. paradisiaca is not suitable for bat pollination. Apart from these 2 flowering plants, 2 earlier reports (McCann 1940; Subramanya and Radhamani 1993) indicate that both C. sphinx and R. leschenaulti visit the flowers of C. pentandra. However, details on nectar feeding by bats during such visits are unavailable.
Ceiba pentandra is one of the common trees in most parts of India. The trees are emergent and reach heights up to 30 m. Floral characteristics of C. pentandra strongly represent chiropterophile traits (Faegri and van der Pijl 1979) . Because both the androecium and gynoecium of flowers of these trees are well exposed, we predicted that fruit bats would collect pollen grains while visiting them for nectar. In our study, we made detailed observations on temporal patterns of foraging visits to flowers of C. pentandra by the 3 species of pteropodid bats. We also provide qualitative analysis of nectar feeding and passive collection of pollen loads by these bats.
MATERIALS AND METHODS
We conducted the study from January to February 2002 on 5 C. pentandra trees at 3 locations. Three trees were in and around the campus (sites 1-3) of Madurai Kamaraj University, Madurai, India (98589N, 788109E). The 4th tree was at Keelappatty (site 4; 63 km southwest of Madurai) and the 5th tree was at Kodaikanal Road (site 5; 45 km northwest of Madurai). We randomly selected study trees of heights of 5-25 m from a set of 5-100 trees available at each site. We observed C. sphinx and P. giganteus foraging on nectar of C. pentandra at sites 1-4 (n ¼ 25 nights). We made additional observations on P. giganteus at site 5 (n ¼ 8 nights). Observations on R. leschenaulti were minimal because they made rare visits to flowers only at site 5. We recorded numbers of bat visits continuously from 1800 to 0600 h, resulting in 396 h of observation over 33 nights. We defined a bat visit as the time interval between arrival and departure of a bat after feeding on nectar of any number of flowers in !1 inflorescence. We also noted duration of feeding bouts for each bat. A feeding bout was the time taken by a bat to lap nectar from either only 1 (C. sphinx and R. leschenaulti) or .1 (P. giganteus) flower of a single inflorescence. We observed from observation platforms that we constructed at a height of 15 m from the ground on trees adjacent to the study trees. Diffuse illumination from nearby street lamps aided most of our observations, but in dark areas, we observed bats by using a red-filtered light. We counted numbers of bat visits with a pushbutton tabulator and timed duration of feeding bouts using a stopwatch.
We captured bats using mist nets as they foraged near trees. We used brushes repeatedly dipped in distilled water to completely gather pollen grains adhering to different parts of the body of 26 C. sphinx and 3 R. leschenaulti (Paton and Ford 1977) and transferred them to 1.5 ml Eppendorf tubes containing 70% ethyl alcohol. We used separate brushes and tubes to collect pollen from different parts of the body of each individual bat. We released bats at the sites of capture after we marked them and recorded time of capture, sex, and body mass (to the accuracy of 0.5 g). We marked all captured individuals of C. sphinx and R. leschenaulti with collars made of elastic rubber rings containing colored plastic beads (5 mm, 10 colors). Each color denoted a number from 0 to 9. We loaded each ring with 1-3 beads. Thus, all possible sequential arrangements of the beads provided up to 999 unique tags (Balasingh et al. 1992) . We marked the bats for identification on recapture. In addition, we attached chemiluminescent tags (Mini Knicklicht Cormoron, Munich, Germany) to the collars of 12 C. sphinx (3.0 Â 25 mm tags) and 3 R. leschenaulti (3.0 Â 39 mm tags). On any particular night, either only 1 individual of C. sphinx or 1 each of C. sphinx and R. leschenaulti had the tags. The much brighter glow of the larger tag used for R. leschenaulti enabled us to distinguish the 2 species. The brightness of the tags lasted 7-10 h. The collar, together with the light tag, weighed ,5% of an adult's body mass and we assumed that this additional mass did not affect their foraging behavior (Aldridge and Brigham 1988) . We transported the pollen samples to the laboratory the following mornings, centrifuged them (3,200 rpm for 5 min in Sigma 113 Eppendorf Centrifuge, Sigma, Germany) and discarded the supernatants. We dispersed the sediments uniformly in 1 ml distilled water containing 0.05% Tween 80 and used a hematocytometer to count the number of pollen grains (Dudash 1991; Kearns and Inouye 1993) . We observed the structure of pollen grains under a microscope (40Â) and compared them with pollen grains collected directly from flowers of C. pentandra. We could not capture and mark P. giganteus because they flew well above the heights of our mist nets.
We measured the volume of nectar produced by individual flowers of C. pentandra at 2-h intervals between 1900 and 0500 h on 4 trees for 20 nights for a total of 120 samples. We covered each flower with a nylon-mesh bag prior to the onset of foraging flights of bats to prevent them from visiting these flowers. We collected samples of nectar using 15-ll capillary tubes and transferred them to 1.5-ml Eppendorf tubes. To estimate total sugar present in the nectar, we used 500 ll of sample collected from a single inflorescence. In calorimetric tubes, we mixed 2 ml of nectar samples, 0.05 ml of 80% phenol, and 5 ml of concentrated H 2 SO 4 and placed the tubes in a water bath at 25-308C for 10 min. After the solutions became yellowish orange, we measured their absorbance at 490 nm using a spectrophotometer (Hitachi, Japan). We substituted the nectar samples with distilled water to prepare control samples. We estimated the concentration of sugar in our samples by referring to a standard curve that we constructed earlier (Dubois et al. 1956 ). We analyzed each sample 3 times.
We used 1-way analysis of variance (ANOVA) and Tukey's test to estimate times of peak foraging. We employed the KolmogorovSmirnov test to determine whether these data were normally distributed and Levene's test to confirm homogeneity of variances (Sokal and Rohlf 1995) . We used the Mann-Whitney test to compare pollen loads of bats and Spearmann rank correlation to correlate body mass of bats with their pollen loads. All assumptions were met after transforming the data to natural logarithms. Values are presented as mean ± SD.
RESULTS
Flowers in inflorescences of C. pentandra began to unfurl around 1900 h and were in full bloom by 1930 h. The inflorescences clustered at terminal branches, and each inflorescence had 4-15 flowers. Terminal branches usually contained no leaves and thus the flowers were well exposed. Flowers were creamy white with 5 petals. Staminal filaments and anthers were golden yellow. The majority of flowers were inclined downward and persisted for just 1 night. At least 2 species of pteropodid bats visited the flowers for nectar throughout the night (Table 1) , the smaller C. sphinx and the large P. giganteus. In addition to these 2 species, the intermediate-sized R. leschenaulti made infrequent visits only at site 5. It was clear that P. giganteus foraged at greater heights than C. sphinx and there was no overlap between them (Table  1) . In 72 observations, both C. sphinx and P. giganteus foraged together on the same trees, with a clear spatial partition between them. R. leschenaulti foraged at intermediate heights with minor overlap with P. giganteus. The peak foraging visits occurred during premidnight hours in C. sphinx and P. giganteus. However, it appeared 2-3 h earlier in P. giganteus, starting with peak number of visits at 2000-2100 h (F ¼ 60.3, d.f. ¼ 9, 240, P , 0.001) followed by a gradual decline (Fig.  1a) . In contrast, C. sphinx began to forage at 2000 h, steadily increased to a peak at 2300 h (F ¼ 33.8, d.f. ¼ 9, 240, P , 0.001) and showed a decline thereafter. C. sphinx exhibited a greater number of visits than P. giganteus ( Fig. 1a ; U ¼ 142, P , 0.01). The mean number of visits of C. sphinx ranged from 6.6 ± 2.6 to 39.3 ± 14.2, whereas they were 2.9 ± 2.1 to 17.3 ± 5.1 for P. giganteus. However, the duration of feeding bouts of P. giganteus was always longer than that of C. sphinx (Table 1) .
Cynopterus sphinx always foraged solitarily and exhibited 1-2 circular flights before moving closer to flowers. When approaching flowers, all individuals of C. sphinx performed 1-3 hovering flights, each lasting ,1 s. This usually led to feeding on nectar in 2 distinct ways. In 437 of 475 observations (92%), bats landed on flowers with partially outstretched wings (Fig. 2a) , inserted their snout into the flowers, and started feeding. By using the claw of the 1st digit, the bats hooked themselves onto sturdy petals or on buds of inflorescences. On such landings, parts of ventral regions of bodies and wing membranes of the bats directly touched the anthers of neighboring flowers of the inflorescences (Fig. 2a) . The landings of the bats made terminal branches of trees bend slightly. In the remaining 38 observations, the bats fed on nectar while hovering but without landing on flowers. Feeding while hovering mainly occurred on branches that contained only solitary flowers, and such feeding bouts were much shorter than those with landings (Table 1 ). Our observations (n ¼ 61) on 11 of 12 chemiluminescent-tagged bats showed that feeding occurred at a particular tree until midnight with intermittent movement to nearby night roosts (in Cocos nucifera and Azadirachta indica trees). However, we do not rule out the possibility of visits to adjacent feeding trees during these periods. After midnight, the bats switched to neighboring trees and covered 2-4 trees, with 8-10 visits to a tree per night. During each visit, the bats landed on 3 inflorescences; within an inflorescence, they lapped on nectar from only 1 flower. However, when the bats repeatedly visited a particular inflorescence, they fed on nectar from more than 1 flower during each visit.
Pteropus giganteus foraged solitarily in 255 of 280 observations (91%). In the remaining 25 observations, 2 individuals foraged simultaneously at different branches. The bats performed at least 2 wide circular flights before approaching flowers. Unlike C. sphinx, P. giganteus neither exhibited hovering flights nor landed directly on inflorescences. Instead, they usually landed either at basal parts of branches containing inflorescences or at their nearest branches, and then approached the flowers with bipedal or quadrupedal movements. In the former type of landings, the relative speed of their movements slowed just prior to reaching the flowers. When the bats were approximately 5 cm from inflorescences, they stretched their forearms, gently turned an inflorescence toward them, tucked their snout into a flower, and started lapping nectar. The bats were in an inverted posture and used their 1st digit to hold onto nearby flowers or buds to facilitate lapping. Parts of the chins, throats, and chests of the bats were in direct contact with the anthers during such laps (Fig. 2c) . Alternating movements of pinnae were always associated with feeding. The bats fed upon the nectar from almost all flowers of an inflorescence and covered 3-6 inflorescences of a tree during each visit. They neither fed on the whole flowers nor licked pollen directly from anthers (n ¼ 280). Unlike C. sphinx, P. giganteus never flew away from the sites of the branches where they fed on nectar. Instead, at the completion of feeding, they hung on, swiveled for a few seconds, licked around their mouth, and always started moving back to the basal parts of the branches from where they flew away. The duration of feeding bouts of P. giganteus was 12 times longer than that of C. sphinx (Table 1) . Similarly, the duration of a visit to the trees was nearly 3 times longer than that of C. sphinx (Table 1) .
We observed 3 chemiluminescent-tagged individuals of R. leschenaulti a total of 18 times in 2 nights. They always landed straight on the inflorescences after a brief hovering. They lapped on nectar for 2.9 ± 0.9 s (n ¼ 14) by covering 5-8 inflorescences in a single visit. These visits lasted for 90.0 ± 12.0 s (n ¼ 12). Foraging was always solitary, except on 1 occasion, where 3 individuals of R. leschenaulti jointly chased away a single P. giganteus at a height of about 15 m. Even though there were no continuous foraging visits, our observations (n ¼ 18) on lighttagged R. leschenaulti showed that they were relatively more active between 2000 and 2100 h. We captured 4 bats in the mist nets at this period, all with pollen grains adhered to their ventral abdomen, wings, and heads. During the rest of the night, they never visited the study tree.
Nectar production from the flowers of C. pentandra showed a peak at 1900 h with a volume of 100.0 ± 25.6 ll, followed by a gradual decline (Fig. 1b) . At 0500 h, the nectar production was at a minimum with 8.5 ± 4.9 ll. The average volume of nectar produced was 321.0 ± 72.2 ll per flower per night. Total sugar concentration in nectar showed a similar pattern (Fig. 1c) . At 1900 h, the sugar concentration was maximum, with 260 mg/ml; the minimum was 100 mg/ml at 0500 h. Nectar often dripped from a few flowers, especially from those that bats had not visited. Such drips were mainly due to the tilted orientation of flowers and were conspicuous between 0200 and 0500 h.
We captured a total of 124 individuals of C. sphinx in 12 mist-netting sessions. Of them, 40.3% had pollen coats on their bodies. Numbers of bats captured in the mist nets and bats that carried pollen peaked at 2300 and 2400 h (Fig. 3) . Pollen coats examined on 26 bats were 72% on the ventral abdomen, 20% on wing membranes, and 8% on heads (Fig. 2b) . Males carried significantly more pollen grains (75,000 ± 35,000) on their abdomens than did females (44,000 ± 32,000; Mann-Whitney U ¼ 119, P , 0.05). However, there were no significant differences in pollen loads of males and females on their wings (U ¼ 152.5, P . 0.05) and heads (t ¼ 0.95, P . 0.05). There was also no significant correlation between body mass of bats and their pollen loads (Spearman rank correlation, r ¼ 0.240, P . 0.05). Observations through the microscope revealed that all pollen grains belonged to C. pentandra. Although we did not capture individual P. giganteus, we visually observed pollen grains on their chins, throats, and chests.
DISCUSSION
Our study shows that both P. giganteus and C. sphinx feed on the nectar of C. pentandra with temporal as well as spatial partitioning of their visits to the flowers. Such partitioning avoids interspecific competition in using floral resources (Fischer 1992; Fleming 1979; Thomas and Fenton 1978) . Usually, C. sphinx forages in groups while feeding on big bang (Gentry 1974 ) fruits such as Ficus (Elangovan et al. 1999 ) and flowers such as those of Bassia latifolia (Elangovan et al. 2000) . In contrast, in our study, bats, including C. sphinx, foraged on the nectar of C. pentandra solitarily, even though the latter produces big bang flowers (Start and Marshall 1976) . Nevertheless, phyllostomid bats forage in larger groups on the nectar of C. pentandra, which usually causes frequent detachments of pistils (Gribel et al. 1999 ). There was no such destruction in the present study. Intriguingly, in C. sphinx, group foraging usually is associated with ex situ feeding, whereas solitary foraging occurs with in situ feeding (Elangovan et al. 1999 (Elangovan et al. , 2000 irrespective of whether the fruits and flowers belong to steady-state (Elangovan et al. 1999) or big bang phenological patterns. This indicates that the size of the fruits and flowers influences the 2 kinds of feeding. Thus, C. sphinx easily detaches small-sized fruits (FicusElangovan et al. 1999) or flowers (B. latifolia- Elangovan et al. 2000) from trees and carries them to nearby roosts for feeding ex situ. In contrast, the bats land on relatively largesized fruits (Mangifera indica-Corlett 1998; N. Singaravelan in litt.) and flowers (Musa paradisiaca-Elangovan et al. 2000; C. pentandra-present study) for feeding in situ. Moreover, bats may drop large-sized fruits before reaching their feeding roosts (Elangovan et al. 1999) due to an increase in wing loading (Norberg and Rayner 1987) . Similarly, lapping on nectar from a detached flower of C. pentandra is not only inconvenient for bats but also prevents feeding repeatedly on nectar from intact flowers. To ensure repeated visits to the flowers, the bats (especially P. giganteus) carefully land on and fly away from branches of trees. The landings of C. sphinx and R. leschenaulti directly on the inflorescences apparently do not cause any loss of nectar, whereas such landings by P. giganteus would certainly lead either to total loss of nectar due to violent shaking of nectaries or detachment of entire inflorescences including buds. Similarly, P. tonganus in Samoa lands at the top of C. pentandra trees and reaches flowers by crawling (Elmqvist et al. 1992) . R. leschenaulti usually lives in colonies comprising thousands of individuals (Chandrashekaran and Marimuthu 1994) . The minimal number of visits by R. leschenaulti to C. pentandra indicates a low population in the study area, possibly due to lack of substantial day roosts.
The correspondence between the timings of peak nectar secretion and sugar concentration with that of higher numbers of bat visits is in accordance with an earlier study on C. sphinx (Elangovan et al. 2000) and nectarivorous phyllostomid bats (Nassar et al. 1997) . The volume and sugar concentrations of nectar secreted by the flowers of C. pentandra in the present study are in congruence with an earlier report (Gribel et al. 1999) and are within the range of other bat flowers (Faegri and van der Pijl 1979; Gould 1978; Helversen and Reyer 1984; Hopkins 1984; Lemke 1985) . During the initial feeding on nectar, these bats may acquire energy and water, which are essential after dehydration during the day. Apart from energy (Bertin 1989) , nectar and fruits provide important sources of minerals (Ruby et al. 2000) . Barclay (2002) recently reported that nectar of some bat-visited plants contains significantly higher amounts of calcium than other plants. When bats lap on nectar and groom their fur and wings at night roosts, they probably consume pollen passively. Pollen can be an important source of protein (Law 1992) .
The onset of foraging activity of the 3 pteropodid bats coincides with the timing of opening of the flowers of C. pentandra and their nectar production. Position of inflorescences at terminal branches where leaves are usually absent further facilitates locating the flowers. The loading of the ventral abdomen of C. sphinx and R. leschenaulti and throats of P. giganteus with pollen grains may be because those areas of their bodies directly touch the anthers when the bats lap nectar. Because the pteropodid bats carry pollen grains between trees of C. pentandra, they may play a major role in reducing the loss of genetic diversity of this species of tree (Young et al. 1996) . Thus, there is good circumstantial evidence that these bats are pollinators of these trees. However, our study relied on low sample sizes of trees. Because it is clear that both P. giganteus and C. sphinx forage on the nectar of C. pentandra with an uninterrupted spatial partitioning, future studies should be carried out on a greater number of trees and should determine numbers of ovules penetrated and settings of fruits and seeds per fruit with reference to upper and lower parts of trees.
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